The present studies were undertaken to determine whether mevalonate 5-pyrophosphate decarboxylase (EC 4.1.1.33) is subject to physiological regulation in the intestinal mucosa. Activity was determined in epithelial cells isolated in a villus-to-crypt gradient from chicks fed on different diets in order to vary the sterol flux across the intestinal epithelium. When animals were fed on cholesterol, decarboxylase activity was decreased in all the cell fractions studied, although percentages of inhibition were maximum in crypts of jejunum and ileum. In contrast, decreased sterol flux as a consequence ofcholestyramine feeding stimulated decarboxylase activity, especially in villi of the duodenum, where values increased 3-fold with respect to controls. On the other hand, the total cellular sterol content was significantly increased by the cholesterol diet. In duodenum and jejunum, 20-30 % of the total cholesterol was in the esterified form -under these conditions. However, dietary cholestyramine did not significantly affect amounts of total cellular cholesterol in any of the cell fractions. These results demonstrate that mevalonate 5-pyrophosphate decarboxylase activity changes considerably under different dietary situations and that the existence of secondary sites in the physiological regulation of sterol synthesis in the intestinal mucosa should be considered.
INTRODUCTION
Although 3-hydroxy-3-methylglutaryl-CoA (HMGCoA) reductase is considered the rate-limiting enzyme for cholesterol synthesis in mammalian tissues, it has been repeatedly demonstrated that steps that follow mevalonate production are also subject to physiological regulation [1, 2] . Consistent with this observation are the findings by Jabalquinto & Cardemil [3] that mevalonate kinase (EC 2.7.1.36), mevalonate 5-phosphate kinase (EC 2.7.4.2) and mevalonate 5-pyrophosphate (MVAPP) decarboxylase (EC 4.1.1.33) are down-regulated by cholesterol feeding, and those by Faust et al. [4] that squalene synthetase activity is decreased by low-density lipoprotein. Mitchell & Avignan [5] have reported that mevalonate kinase and MVAPP decarboxylase in human skin fibroblasts are increased when whole fetal-calf serum in the incubation medium was replaced with lipiddeficient serum.
On the other hand, it has been established that the intestine contributes a significant proportion of the total amount of cholesterol synthesized [6] ; therefore interest in the regulation of sterol synthesis in this tissue seems justified. However, little is known about the involvement of steps after that catalysed by HMG-CoA reductase, and the nature of the mechanisms that regulate sterol synthesis in this tissue is somewhat controversial. Studies previously performed in our laboratory have demonstrated that both fasting and a cholesterol-enriched diet suppress MVAPP decarboxylase activity in chick duodenum [7] , but few other investigations have been performed with regard to the existence of secondary sites of regulation beyond mevalonic acid formation.
An important point to be taken into account when studying the regulation of intestinal sterol synthesis is the existence of different anatomical regions, both along the length of the intestine and vertically along the axis of the villus. These regions are considerably distinct with regard to their contribution towards total cholesterol synthesis in the small bowel, and, in addition, respond differently to certain dietary situations [8] .
The distribution of the activity of MVAPP decarboxylase between the different anatomical regions of the intestinal mucosa has been previously reported [9] . The purpose of the present study was w/w) or cholestyramine (30, w/w) was added to the commercial diet and given to the animals for 5 days before the experiments were started. Food consumption was similar in the three groups of chicks. Isolation of epithelial cells Chicks were killed by decapitation at the same time every day (14:00 h). When the light/dark cycle mentioned above was used, no significant differences were found in intestinal MVAPP decarboxylase activity, whereas for other enzymes with a diurnal rhythm of activity, such as HMG-CoA reductase, maximal activity was found at about 14:00h [10, 11] . Because of this, animals were always killed at this time for simultaneous determinations of other enzyme activities than the decarboxylase.
Intestines were removed, chilled and then divided into three segments, designated duodenum (between gizzard and bile-duct junction), jejunum (a 12 cm region from 15 cm after the bile-duct junction) and ileum (a 12 cm region proximal to the ileo-caecal junction). Enriched isolated epithelial-cell fractions from different locations along the villus-crypt axis were prepared as described by Weiser [12] , with the modification suggested by Raul et al. [13] , consisting of the eversion of the intestine fragment before incubation in the chelation buffers. To define the enterocyte fraction isolated after various time intervals, alkaline phosphatase was determined as marker enzyme for differentiated villus cells, thymidine kinase was regarded as an indicator for crypt cells, and acid phosphatase was characteristic for both cell types [14] .
Incubations carried out as described by Weiser [12] for 20 min intervals up to a total of 160 min yielded successive cell fractions with varying activities of the marker enzymes. Thus specific activity of alkaline phosphatase decreased gradually in cells progressively harvested, whereas that of thymidine kinase increased in the final cell fraction relative to the initial fraction. Acid phosphatase showed a similar specific activity in all fractions recovered, so that the observed differences in alkaline phosphatase and thymidine kinase were not due to differences in cell stability [15] .
According to these results, the various cell fractions were combined in four separate pools, designated as upper (0-40 min), mid (40-80 min) and lower (80-120 min) villus cells and as crypt cells (120-160 min) from duodenum and jejunum. In the ileum, similar pools were designated according to the following time intervals: 0-30 min, 30-60 min, 60-90 min and 90-120 min respectively. These terms represented only a functional classification based on the enzyme content of these groups of enterocytes, and probably should not be taken as a literal indication of the anatomical sources of the various cells [16] . [17, 18] . At this pH value, formation of alcohol derivatives other those of isopentenol was minimal, because the optimum pH of isopentenyl-pyrophosphate isomerase (EC 5.3.3.2) was clearly higher (7-8) [19] . Likewise, eukaryotic prenyltransferase (EC 2.5.1.1) activities are normally assayed at pH 7.0-7.2 [1, 20] . After incubation at 37°C for 15 min, 9.8 units of bovine alkaline phosphatase (type I) in 1 M-Tris/HCl buffer (pH 8.4) were added to each tube and incubated for another 2.5 h at 37 'C. The final incubation mixture was extracted with 3 x 2 ml of diethyl ether. Samples of the combined extracts were assayed for radioactivity in scintillation fluid containing 0.125 g of 1,4-bis-(5-phenyloxazol-2-yl)benzene and 4 g of 2,5-diphenyloxazole in I litre of toluene/ethanol (10: 1, v/v). In 'blank' experiments carried out in our laboratory by adding boiled homogenate to the incubation mixture, no radioactivity from [2-14C]MVAPP was detected in the diethyl ether fraction, whereas all radioactivity was recovered as mevalonate in the aqueous phase. Decarboxylase activity was expressed as nmol of alcohol liberated/min per mg of protein.
Protein contents were determined by the method of Lowry et al. [21] , with bovine albumin as standard. Determination of free and esterified cholesterol Lipids were extracted with chloroform/methanol (2: 1, v/v) as described by Folch et al. [22] . Total and free cholesterol contents were determined by enzymic colorimetric methods by using 'Test-Combination Cholesterol' or 'Test-Combination Free Cholesterol' respectively, from Boehringer Mannheim G.m.b.H.
(Mannheim, Germany).
RESULTS
Studies were undertaken to determine the effect of both cholesterol and cholestyramine feeding on MVAPP decarboxylase in isolated enterocytes obtained from different levels of the mucosa of duodenum, jejunum and ileum. The different diets were used with the idea of altering the flux of sterol across the intestinal epithelial cells. Cholesterol feeding decreases decarboxylase activity considerably in all regions of the intestinal mucosa. Thus, inhibition was 50 0 in duodenum (Table 1) , although this lowering effect was particularly pronounced in the crypt region ofjejunum (Table 2) and ileum (Table  3) , where activity in cholesterol-fed animals was approx. (Table 1) , but there were only small differences between values for control and cholestyramine-fed in cells from the jejunum (Table 2 ) and ileum (Table 3) . With regard to the cholesterol content of cells from the different regions, cholesterol feeding resulted in enhanced contents of total cholesterol in duodenum (Table 4 ) and jejunum (Table 5) , whereas in ileum (Table 6 ) this increase was smaller. These changes were due to an increase in free and especially esterified cholesterol, a fraction that reached approx. 300 of total cholesterol in cells from the duodenum of cholesterol-fed animals. In contrast, decreasing the sterol flux by cholestyramine feeding had practically no effect on the cellular contents of free and esterified cholesterol.
DISCUSSION
The results presented here give detailed information about the regulation of MVAPP decarboxylase in different regions of the chick intestine. Cholesterol feeding resulted in an increase in the cellular sterol content and an inhibition of decarboxylase activity in almost all the cell fractions studied. A previous report indicated a 20-30 0 decrease in decarboxylase activity in duodenum segments as a consequence of cholesterol feeding [7] . In the present study, inhibition was nearly 7000 in crypt cells of jejunum and ileum, and 5000 in duodenum, observations that demonstrate the convenience of performing studies taking into account the different anatomical distributions of cholesterogenesis activities in the intestine. On the other hand, it is clear that, in the chick, dietary cholesterol inhibits the activity of enzymes involved in sterol synthesis in the intestinal mucosa, in contrast with the rat, where cholesterol feeding did not affect the rate of synthesis [23] or HMG-CoA reductase Table 4 . Effect of cholesterol and cholestyramine feeding on cholesterol content in villus and crypt ceU fractions from chick duodenum Duodenums of three different animals were used. Enterocytes were isolated in a villus-to-crypt gradient as described in the Materials and methods section. Cells from the same localization were pooled. Homogenates were obtained by sonication and used for determinations of free and total cholesterol. Results are expressed as means + S.E.M. of three determinations. Statistical significance is indicated by **P < 0.01 and ***P < 0.001 for the effect of the different dietary treatments.
Cholesterol content (,ug/mg of protein) Table 5 . Effect of cholesterol and cholestyramine feeding on cholesterol content in vinus and crypt cell fractions from chick jejunum Portions (12 cm) from jejunums of three different animals were used. Enterocytes were isolated in a villus-to-crypt gradient as described in the Materials and methods section. Cells from the same localization were pooled. Homogenates were obtained by sonication and used for determinations of free and total cholesterol. Results are expressed as means+ S.E.M. for three determinations. Statistical significance is indicated by **P < 0.01 and ***P < 0.001 for the effect of the different dietary treatments.
Cholesterol content (,ug activity [24] . In this sense, the chick is reported to be highly sensitive to dietary cholesterol [25] . Cholesterol supplementation of the diet induces in chickens a constant and significantly elevated hypercholesterolaemia [26] . It is noteworthy that HMG-CoA reductase from chick duodenum is also strongly inhibited by cholesterol feeding [27] . When chicks were given cholestyramine, there were significant increases in the decarboxylase activity in all cell fractions of the duodenum, whereas in jejunum and ileum no increase was observed in the lower villus and crypt fractions. Maximal activation of decarboxylase activity in conditions of decreased luminal cholesterol uptake was observed in villus cells of the duodenum, where values were increased 3-fold with respect to controls. As the standard diet used in this study is essentially cholesterol-free, luminal sterol under these conditions is derived from biliary secretion and from the mucosa itself via desquamation of epithelial cells or direct secretion [28] . On the other hand, the absorption of nutrients is well known to take place in the villi, and in the chick the proximal region of the intestine is the preferential site of cholesterol absorption [29] .
It is possible that the marked increase in decarboxylase activity, especially in villi of the duodenum, is to compensate for decreased cholesterol uptake, in order to maintain intracellular cholesterol needs in conditions of decreased cholesterol flux across the intestinal mucosa. This idea would be confirmed by the fact that cholesterol contents remain practically unaltered in cells from the cholestyramine-fed animals. The nature of the physiological regulator involved is not clear. Either intracellular cholesterol and/or decreased exposure of these absorptive villus cells to bile acids may be responsible for the effects of cholestyramine feeding.
In summary, these data show that MVAPP decarboxylase is subject to regulation by cholesterol and cholestyramine feeding in chick enterocytes. Changes observed in intestinal decarboxylase activity are similar to those observed in HMG-CoA reductase. Thus supplementation of the diet with 2 cholesterol suppressed the increase observed in the intestinal reductase from normally fed chicks during the first days after hatching, whereas cholestyramine feeding clearly increased intestinal reductase [27] . Therefore 
